Introduction
============

A recent advance in RNA research suggests that virtually the entire non-repeat part of the human genome is transcribed, at least at some times or in some cell types,[@R7]^,^[@R17] with a tally of 161,000 transcripts so far.[@R25] Moreover, it is estimated that over 63% of RNA transcripts are accompanied by antisense counterparts,[@R24] and the Unigene database of the National Center for Biotechnology Information (NCBI) contains over 123,000 human antisense entries.[@R26] One meaning of these figures is that, for most genomic loci, both strands of the DNA double helix are transcribed.[@R6]^,^[@R19] Most antisense transcripts may be non-coding, but there are still many that do encode proteins. For example, the DNA strand opposite to the one encoding the THRA (17q11.2), CDK4 (12q14.1), CCND1 (11q13) and GAPDH (12p13) genes harbors the NR1D1, TSPAN31, LOC100996515 and LOC100996356 protein-coding genes, respectively, as shown in the NCBI. Cloning cDNA often involves reverse-transcription (RT) and polymerase chain reactions (PCR), but the situation wherein antisense is also expressed often sets pitfalls and hurdles, which are widely neglected, in our way of cloning the 5′- or 3′-end of cDNA or determining from which DNA strand an RNA is transcribed. For instance, it may not be easy to clone the 5′ and 3′ ends of the so-called ncRNA~CCND1~[@R43] and to determine whether it is transcribed from the same strand as the CCND1 or as the LOC100996515.

Another ribonomic advance suggests that transcripts from about 65% of the human genes form chimeric RNA with a transcript from another gene. This other gene in most cases is nearby on the same chromosome but can also be located on another chromosome.[@R7]^,^[@R17] Actually, modern RNA-sequencing technologies have provided us with thousands of RNA chimeras.[@R14] A tiny number of them are known to be transcribed from fusion genes that are formed due to genetic alterations, such as chromosomal translocation and genomic DNA deletion or amplification.[@R9] Unfortunately, the vast remaining majority, i.e., those not associated with a known genomic alteration, remain putative and are not very meaningful to us so far, because their existence has not been verified with a vigorous method and because their full-length sequence has not been cloned and, thus, their open reading frame is unclear.[@R16] These weaknesses are due mainly to the lack of reliable and efficient approaches of cloning and verification. Current RNA sequencing technologies are reliant on RT or on the principles similar to RT,[@R13] provide only short sequences, and have poor strand-specificity,[@R35] thus only suitable for screening, but not for verification, of long RNA. Cloning methods involving RT-PCR may result in artificial chimeric cDNA[@R8]^,^[@R11]^,^[@R23]^,^[@R30]^,^[@R35]^,^[@R36]^,^[@R38]in part because template switching may occur during RT[@R11]^,^[@R23]^,^[@R33]and mis-priming can occur in PCR. RNA protection assay is the most commonly used method to verify the true existence of an RNA, in which an in vitro synthesized complementary RNA (cRNA) is used to hybridize with the parental RNA in solution, followed by RNase digestion of the non-hybridized RNA. This method does not involve RT or PCR, which on one hand increases its reliability, but on the other hand makes the method very inefficient.[@R13] Also problematically, the protected RNA cannot be directly sequenced to confirm its identity. For these reasons, most attempts to verify chimeric RNAs still, unfortunately, use problematic RT-PCR. Moreover, it needs to distinguish a true chimeric cDNA end cloned with a routine 5′ or 3′ RACE (rapid amplification of cDNA end) method from the cDNA end of the parent mRNA, as depicted in [Figure 1A](#F1){ref-type="fig"}. Actually, because in most cases the mRNA of each parent gene is more abundant, the cloned cDNA end is more likely to belong to the parent mRNA.

![**Figure 1.** Cloning RNA 3′ end. (**A**) Two hurdles for cloning the 5′ or 3′ end, and for PCR amplification, of chimeric cDNA: (1) Gene-specific primer (GSP) used in RACE amplifies the 5′ or 3′ end of not only the chimeric cDNA but also the cDNA of a parent gene (black or red line). (2) Forward (F) or reverse (R) primer primes not only the chimeric cDNA but also the cDNA of a parent gene, making the first several cycles of PCR less efficient. (**B**) Our strategy for cloning RNA 3′ end: After RT with random hexamers, a forward primer of the gene of interest and Taq are used to synthesize the 3′ part of the second cDNA strand. S1 is added to cut the 3′-overhang of the first strand. The cDNA blunt ends are then appended with a dA by Taq, followed by T-A cloning. (**C**) Illustration of the locations of primers and the S1 cutting site on the CDK4 mRNA. (**D**) Part of the 3′ sequence obtained, in which the lowercase "a" is added by Taq and the underlined sequence belongs to the T-A vector. The sequence matches completely to the CDK4 mRNA. Note that there is an internal poly-A sequence 21 nt upstream of the authentic poly-A tail. (**E--G**) Both pairs of primers (F665+R1086 and F136+R1086) designed to amplify the 5′ and the middle regions of the mRNA, respectively, can amplify the RT product (cDNA) of RNA from HeLa cells without S1 digestion (arrowheads). F655+R1086 can still yield a band from the cDNA digested with 10 or 15 units of S1, while the F136+R1086 yielded only a very faint band (arrow) when 10 units were used and no band when 15 units were used.](rna-10-957-g1){#F1}

We attempt to develop methods that are devoid of the above-described weaknesses in cloning and verifying chimeric or antisense-accompanied RNA. Although not yet reaching this aim, we have established new methods for cloning cDNA ends and have established a cDNA protection assay to supersede RNA protection assay, as described in this report. Sometimes "RNA," but not "mRNA," is termed herein because our methods are also suitable for cloning those long RNAs and chimeric RNAs that are non-coding. Some pitfalls and artifacts of RT and PCR that are widely neglected in the literature are also described to alert the peers.

Results
=======

Cloning RNA 3′ end
------------------

The 3′ end of long RNAs is usually cloned by using a poly-dT oligo to prime the poly-A tail of the RNA or by ligating a linker sequence to the 3′ end since about 50% of the long RNAs lack a poly-A tail,[@R37] although they likely have a poly-A signal. In our strategy, RNA can be primed with random hexamers in RT. Taq DNA polymerase (Taq for brevity) and a forward primer of the interested gene are used to synthesize the 3′ part of the second cDNA strand, which is also the 3′ part of the parental RNA. S1 nuclease (S1 for brevity) is added to cut off the 3′-overhang of the 1st cDNA strand ([Fig. 1B](#F1){ref-type="fig"}), since S1 digests single-stranded, but not double-stranded, DNA or RNA. The blunt ends of the double-stranded cDNA are then appended with a dA by Taq to allow cloning the fragment into a T-A vector ([Fig. 1B](#F1){ref-type="fig"}).

As an example, unDNased RNA from HeLa cells was converted in RT to the first cDNA strand by random hexamers. The CDK4F665 forward primer (all primers listed in [Table 1](#T1){ref-type="table"}) and PCR Mastermix were mixed with the RT product to synthesize the second strand of CDK4 cDNA by incubation at 72°C for 10 min. S1 was added to cut off the single-stranded part of the 1st cDNA strand upstream of the F665 primer ([Fig. 1C](#F1){ref-type="fig"}). After inactivation of S1 and purification of the double-stranded cDNA, PCR of the cDNA with F136+R1086 primers did not yield signal, which confirmed that the region upstream of F665 (including the F136 sequence) had been digested by S1, while PCR with F665+R1086 yielded a band ([Fig. 1E--G](#F1){ref-type="fig"}), indicating that the double-stranded part could withstand the S1. The amount of S1 might need to be optimized for different target genes, due to the difference in the residuals of RNAs and single stranded cDNAs to be digested, since herein 10 units of S1 was not sufficient ([Fig. 1F](#F1){ref-type="fig"}). A portion of the purified double-stranded cDNA was then cloned into a T-A vector. Sequencing a resultant plasmid and aligning the sequence with the CDK4 mRNA sequence (NM_000075.3) revealed that the canonical 3′ end, including the whole poly-A tail ([Fig. 1D](#F1){ref-type="fig"}), was fully cloned.

###### **Table 1.** Primers used

  Primer         Sequence                                            Primer         Sequence
  -------------- --------------------------------------------------- -------------- ----------------------------------
  NewA           5′-GTGGAGTCTACGCGAACTTGTCCT17--3′                   CDK4R822       5′-TCCACATGTCCACAGGTGTTGC-3′
  NewC           5′-GTGGAGTCTACGCGAACTTGTCC-3′                       CDK4F933       5′-GATGACTGGCCTCGAGATGT-3′
  NewB mixture   5′-TCAGGATTGATGGTGCCTACAGC13V-3′ (V = A,G,T)        CDK4R1086      5′-AGGCAGAGATTCGCTTGTGT-3′
  NewD           5′-TCAGGATTGATGGTGCCTACAGC-3′                       CDK4F1096      5′-TGCAGCACTCTTATCTACATAAGGAT-3′
  HPRT1F123      5′-CTTCCTCCTCCTGAGCAGTC-3′                          TSPAN31F73     5′-AAGCTGTCGGGGTCCTGGAA-3′
  HPRT1R683      5′-AACACTTCGTGGGGTCCTTT-3′                          TSPAN31F647    5′-CTTAAGCATTCAGACGAAGC-3′
  CCND1F70       5′-TAGCAGCGAGCAGCAGAGTC-3′                          TSPAN31R860    5′-ACCCTAGATATTCCCTAAGG-3′
  CCND1F183      5′-CCCAGCTGCCCAGGAAGAGC-3′                          TSPAN31R1668   5′-CTTGGAAGAAGGGACTTTCC-3′
  CCND1R981      5′-TTGACTCCAGCAGGGCTTCG-3′                          MYCF125        5′-GCGCTGAGTATATAAAAGCCGGTT-3′
  CCND1R1067     5′-TGTGCAAGCCAGGTCCACCT-3′                          MYCR838        5′-CCACCGCCGTCGTTGTCTCC-3′
  CDK4F136       5′-GTATGGGGCCGTAGGAACCG-3′                          BCAS4E1F       5′-TCCTGATGCTGCTCGTGGAC-3′
  CDK4F665       5′ TCTGGTGACAAGTGGTGGAA 3′                          BCAS3E25R      5′-CATACACAGGGACCGAGCTT-3′
  NewDCF933      5′-TCAGGATTGATGGTGCCTACAGCGATGACTGGCCTCGAGATGT-3′                  
  NewDTF647      5′-TCAGGATTGATGGTGCCTACAGCCTTAAGCATTCAGACGAAGC-3′                  

Note: The number in the primer indicates the first (for forward) or the last (for reverse) nucleotide of that primer in the position of the mRNA. Thus, the range between the F and R numbers should normally be the size of the RT-PCR amplified DNA fragment in agarose gel.

Cloning RNA 5′ end by G-tailing
-------------------------------

Tailing the 3′ end of a DNA with terminal deoxynucleotidyl transferase (TdT) is a traditional method for several different purposes, including cloning of the 3′ end of a cDNA. We prime the RNA of interest with a reverse primer in RT to convert the RNA to the first cDNA strand ([Fig. 2](#F2){ref-type="fig"}). After removal of dNTP and short oligos, TdT and dGTP are used to append a poly-dG tail to the 3′ end of the cDNA, which is the RNA 5′ end. A poly-dC mixture is used to prime the poly-dG for synthesis of the second cDNA strand. This poly-dC mixture, referred to as NewB, contains four oligos with a linker sequence (dubbed as NewD) at the 5′ end and with one of the four bases at the 3′ end, so that one of the four oligos can be anchored on the last nucleotide (nt) of the cDNA. A reverse primer and NewD will then be used in PCR to amplify the double-stranded 3′ part of the cDNA ([Fig. 2](#F2){ref-type="fig"}).

![**Figure 2.** Cloning RNA 5′ end. In our strategy, RNA is converted in RT to the first strand of cDNA with a reverse primer of the interested gene. TdT and dGTP are used to append a poly-dG to the cDNA 3′ end, which is the 5′ end of the RNA. NewB is used to prime the synthesis of the second cDNA strand with PCR Mastermix. NewB is a mixture of four poly-dC oligos with a linker sequence (NewD) at the 5′ end and one of the four bases at the 3′ end ([Table 1](#T1){ref-type="table"}) and, thus, can be anchored on the last nt of the cDNA. The NewD and a reverse primer of the desired gene are then used in PCR to amplify the double-stranded cDNA, followed by T-A cloning. As an example, RNA from HeLa cells was RT with the HPRT1R683 primer. The HPRT1 cDNA was tailed with a poly-dG, followed by PCR with NewD+R683 that yielded a fuzzy band. Excision and purification of this band (boxed) as the template for a second round of PCR with the same primers resulted in a dominant band and several smaller bands. Cloning and sequencing the dominant band confirm that it is G-tailed 5′ end of HPRT1 mRNA. In the sequence obtained, the lowercase "t" before the NewB (underlined) and the "a" (added by Taq) after the R683 (underlined) were the cloning sites. The sequences before the "t" and after the "a" belong to the T-A vector. The lowercase "g" after NewB is the first nt of HPRT1 mRNA anchored by the NewB.](rna-10-957-g2){#F2}

As an example, unDNased RNA from HeLa cells was converted in RT with a HPRT1 reverse primer (R683) to the first cDNA strand, followed by removal of dNTP, primers and other short oliogs by running the reaction through a RapidTip2, followed by washing and precipitation with ethanol. The cDNA was then tailed with a poly-dG using TdT and dGTP. NewB was used to prime the poly-dG tail for synthesis of the second cDNA strand. NewD and the R683 were used as the primers in PCR to amplify the double-stranded part of the HPRT1, which resulted in a fuzzy band. Purification of this fuzzy band from agarose gel followed by second PCR resulted in a clear band of the correct size, which was cloned into a T-A vector. Sequencing one resultant plasmid followed by alignment of the sequence with the HPRT1 mRNA sequence (NM_000194.2) confirms that a NewB primer has indeed anchored on the last nt of the HPRT1 ([Fig. 2](#F2){ref-type="fig"}).

cDNA protection assay
---------------------

We established a new strategy using cDNA to supersede cRNA and accordingly using S1 to replace RNase in RNA protection assay. In this strategy, an RNA aliquot is primed by random hexamers in RT and converted to cDNA. An aliquot of the cDNA is used to hybridize with a commensurate amount of the RNA ([Fig. 3A](#F3){ref-type="fig"}). S1 is added to digest the non-hybridized cDNA and RNA and then is inactivated. PCR with gene-specific primers (GSP) ensues to amplify a fragment of the RNA-protected cDNA. As a negative control, an equal aliquot of the cDNA is directly digested with the same amount of S1 to ensure that without hybridization, no cDNA is left to be amplified in PCR. The amount of S1 may need to be optimized for each target gene because too-low enzyme activity may not be sufficient to remove all single-stranded cDNAs and may thus cause false positivity, whereas too much enzyme is known to have weak activity toward double-stranded DNA.

![**Figure 3.** cDNA protection assay. (**A**) In this strategy, an RNA aliquot is converted to cDNA in RT with random hexamers. An aliquot of the cDNA is hybridized with an equivalent amount of RNA, followed by digestion of the non-hybridized cDNA and RNA with S1. S1 is inactivated and PCR with gene-specific primers (F and R) ensues to amplify the RNA-protected cDNA. As a negative control, an equal aliquot of cDNA is digested with S1 to ensure that without hybridization, no cDNA is left for amplification by PCR. (**B**) RT with random hexamers and with RNA sample from MCF7 cells that was not treated or was treated with DNase I followed by inactivation of the enzyme. PCR with BCS4F1+BCAS3R25 primers detects a dominant band at about 650 bp and several minor and smaller bands. (**C**) An equal amount of RT product (cDNA) was hybridized (H) or non-hybridized (N) with a commensurate amount of RNA, followed by S1 digestion. PCR with BCAS4F1+BCAS3R25 primers detected the dominant BCAS4-BCAS3 cDNA (BCAS) in hybridized, but not in non-hybridized, RNA aliquot. As a control, a CCND1 PCR fragment was added into the hybridization reaction as an indicator that double-stranded DNA could withstand the hybridization and the S1 digestion as it can be amplified by PCR, whereas single-stranded CCND1 cDNA in non-hybridized RT product was digested by S1 and thus could not be amplified by PCR. Cloning the BCAS band and sequencing three randomly selected plasmid clones reveal that in clones 1 and 2, the 3′ end of exon 1 of BCAS4 was fused to the 5′ end of exon 24 of BCAS3, whereas clone 3 lacks the last two nt (underlined "ag" shown in clones 1 and 2) of exon 1 of BCAS4 and the whole exon 24 of BCAS4.](rna-10-957-g3){#F3}

In the MCF7 human breast cancer cell line, the BCAS4 (breast cancer amplified sequence 4) at the 20q13 of the human genome forms a fusion gene with the BCAS3 at the 17q23, which is transcribed and alternatively spliced to different chimeric RNAs, most of which contain exon 1 of BCAS4 and exons 24 and 25 of BCAS3.[@R5]^,^[@R21]^,^[@R29] We performed RT with random hexamers and then PCR with primers at exon 1 of BCAS4 and exon 25 of BCAS3, which resulted in a dominant band at about 650 bp and several minor and smaller bands ([Fig. 3B](#F3){ref-type="fig"}). Pretreatment of the RNA sample with DNase I followed by inactivation of the enzyme (as discussed later) caused partial losses of the minor bands, which redistributed the primers and thus increased the abundance of the dominant band ([Fig. 3B](#F3){ref-type="fig"}). An aliquot of the cDNA was hybridized with an equivalent amount of the RNA sample. Moreover, the RT product (1/20) was also used in PCR to amply a fragment of CCND1, which was purified from agarose gel. Half of the purified CCND1 cDNA was added into the hybridization reaction as an indicator of whether double-stranded DNA could withstand the hybridization and the S1 digestion. After hybridization, S1 was added to digest the non-hybridized RNAs and cDNAs, while the same amount of the cDNA as used in hybridization was also S1-treated as a negative control ([Fig. 3C](#F3){ref-type="fig"}). After inactivation of S1, PCR with the BCAS primers yielded a band from the S1-treated cDNA/RNA hybrids, but not from the non-hybridized cDNA, as expected ([Fig. 3C](#F3){ref-type="fig"}). Similarly, PCR amplification of CCND1 as done in the above also yielded the anticipated band from the hybridized cDNA but not from the non-hybridized counterpart ([Fig. 3C](#F3){ref-type="fig"}). Cloning the BCAS4-BCAS3 band and sequencing three resultant plasmid clones reveal that in clones 1 and 2, the canonical 3′ end of exon 1 of BCAS4 was fused to the canonical 5′ end of exon 24 of BCAS3, whereas the clone 3 lacked the last 2 nt (i.e., AG) of exon 1 of BCAS4 and the whole exon 24 of BCAS3 ([Fig. 3C](#F3){ref-type="fig"}).

RT product primed by endogenous random primers in RNA samples
-------------------------------------------------------------

When performing RT, we often set up a reaction without adding primers as a negative control, but this reaction still and always yielded cDNAs. As examples, PCR with 1/20 (1 µl) of such non-primer RT product as the template could amplify CCND1, CDK4 or HPRT1 cDNA ([Fig. 4A](#F4){ref-type="fig"}). The same CDK4 primers did not produce any band when the template was replaced by water (lanes 1 *vs* 3 in [Fig. 4A](#F4){ref-type="fig"}), confirming that the PCR reagents were not contaminated by cDNA templates.

![**Figure 4.** RT primed by endogenous random primers (ERP). (**A**) UnDNased RNA sample from HeLa cells was used in RT without adding primers. The RT product (1/20) was used as the template in PCR with the F70+R1067 for CCND1, F136+R822 for CDK4 and F123+R683 for HPRT1, respectively. As a negative control, the same CDK4 primers were used in a PCR with H~2~O to replace the RT product as the template (lanes 1 vs. 3). (**B**) RNA samples from Hela, PC-3 and ZR75-1 cell lines were treated with DNase I, followed by inactivation of the enzyme. RT was then performed without adding primers. The RT product was used as the template in PCR amplification of CCND1, CDK4 and HPRT1 as in (**A**) or of c-myc with the F125+R838 primers. In an addition, CCND1 PCR, the RT product, was superseded by H~2~O as the template.](rna-10-957-g4){#F4}

In our routine practice, we often treated RNA samples with low concentration (several units) of DNase I, followed by inactivation of the enzyme with different methods including protein extraction with phenol/chloroform, so that genomic DNA residuals would not be mis-primed in the ensuing RT-PCR.[@R41] RNA samples from HeLa, PC-3 and ZR75-1 cell lines that were pre-treated with DNase I followed by inactivation of the enzyme with 15 mM EDTA at 72°C for 15 min were used in RT without adding primer. PCR with the RT product as the template could still amplify several genes' cDNA ([Fig. 4B](#F4){ref-type="fig"}). Treatment of RNA samples with a much larger amount of DNase I could not eliminate the PCR-amplified bands, although the DNase activity could not be completely inactivated and the remaining activity decreased the detected level (data not shown). These results suggest that RNA specimens contain endogenous random primers (ERP) for RT that cannot be removed by DNase treatment.

Antisense-caused RT-PCR artifacts
---------------------------------

We infer that when an antisense is expressed and overlaps with the sense RNA at their 5′ or 3′ ends, any cloning approaches that involve RT-PCR, including our method, may create artifacts, although many peers still use RT-PCR in cloning under this situation. We used the CDK4/TSPAN31 relationship to test this hypothesis, since the CDK4 mRNA and the TSPAN31 mRNA overlap at their last 517 nt ([Fig. 5A](#F5){ref-type="fig"}). We designed a forward primer at the penultimate exon of CDK4 (CF933) or TSPAN31 (TF647); one set of these two primers also contained newD sequence at the 5′ end as a linker (NewDCF933 and NewDTF647). Other primers are illustrated in [Figure 5A](#F5){ref-type="fig"}. Forward primer of one strand can also serve as reverse primer of the opposite strand. UnDNased RNA from HeLa cells was used in RT with the NewDTF647 as the GSP, which should specifically convert the CDK4 mRNA to cDNA (RT-B in [Fig. 5B](#F5){ref-type="fig"}) if the mRNA reaches the TF647 region as we hypothesized. PCR using this RT-B product as the template and the CF136+R822 as the primer pair could indeed amplify a correct CDK4 band as expected (lane 4 in [Fig. 5B](#F5){ref-type="fig"}). PCR with NewD as the reverse and the CF1096 as the forward primers resulted in a 1.5 kb band (Lane 6 in [Fig. 5B](#F5){ref-type="fig"}). Cloning and sequencing this band confirmed that it was part of CDK4 mRNA containing the 84-bp intron 5 of TSPAN31. These results together indicate that some CDK4 mRNAs reach at least the TF647 region, making the overlapped region much longer than what is shown in the NCBI (thick arrow in [Fig. 5A](#F5){ref-type="fig"}).

![**Figure 5.** RT with linker-containing GSP to detect CDK4 (NM_000075.3) and TSPAN31 (NM_005981.3). (**A**) Illustration of the CDK4/TSPAN31 relationship according to the NCBI, with the locations of CDK4 forward (CF) or reverse (CR) primers and TSPAN31 forward (TF) or reverse (TR) primers indicated. Boxes represent exons with their length indicated as the number of nt. Note that the two mRNAs overlap at their last 517 nt. (**B**) RT of unDNased RNA from Hela cells primed by the NewDCF933 should specifically convert the TSPAN31 mRNA to cDNA (RT-A), whereas RT primed by the NewDTF647 should specifically convert the CDK4 mRNA to cDNA (RT-B), if the mRNAs reach the regions of these primers. These two RT products were used as the template in PCR with either the TF73+TR860 (PCR-a, lanes 1 and 3) or the CF136+CR822 (PCR-b, lanes 2 and 4) as the primer pair or in PCR with the primer pair of NewD+TF647 (PCR-c, lane 5) or NewD+CR1096 (PCR-d, lane 6). The results in lanes 4 and 6 together with sequence data suggest that some CDK4 transcripts reach the TF647 region (thick black arrow in **A**). (**C**) When sense or antisense RNA has an unprotected 3′ end overlapping with the other, the overlapping sequence may serve as a primer in RT to extend its 3′ end with its antisense as the template. The extension may also occur in the ensuing PCR, as depicted in [Figure 6A](#F6){ref-type="fig"}. Because the mRNA does not really have this extended part (dashed lines), the corresponding PCR product, such as the bands in lanes 1, 2 and 3 in (**B**), is a wrong-template artifact.](rna-10-957-g5){#F5}

Similarly, RT primed by the NewDCF933 should specifically convert the TSPAN31 mRNA to cDNA if the mRNA reaches the CF933 region (RT-A in [Fig. 5B](#F5){ref-type="fig"}). PCR using this RT-A product as the template and the TF73+TR860 as the primer pair yielded the correct TSPAN31 band (the top band in lane 1 in [Fig. 5B](#F5){ref-type="fig"}). However, a smaller band was also produced that was confirmed by T-A cloning and sequencing to be the LMTK2 mRNA from chromosome 7, but not the TSPAN31. Alignment of the LMTK2 and CDK4 sequences suggests that the TMTK2 cDNA is more likely to be primed by an endogenous primer in the RNA sample as described above, but not by the NewDCF933, indicating that RT using GSP is not so gene- and strand-specific as it is supposed to be.

PCR using the RT-A product as the template and the NewD+TF647 as the primer pair did not yield any band, which was discrepant to the results in lane 1 (lanes 1 *vs* 5 in [Fig. 5B](#F5){ref-type="fig"}). More surprisingly, PCR using TF73+TR860 as the primers and RT-B as the template yielded the same two bands as when RT-A was used as the template (Lanes 1 *vs* 3 in [Fig. 5B](#F5){ref-type="fig"}), although the RT-B primed by NewDTF647 was not supposed to convert the 5′ part of TSPAN31, or any RNA from this region, to cDNA. Similarly, PCR using CF136+R822 as the primers and RT-A as the template generated the same band as when RT-B was used as the template (Lanes 2 *vs* 4 in [Fig. 5B](#F5){ref-type="fig"}), although the RT-A primed by NewDCF933 was not supposed to convert the 5′ part of CDK4, or any RNA from this region, to cDNA. A reasonable explanation for these inconsistent results is that some CDK4 and TSPAN31 mRNAs have an unprotected 3′-end at the overlapped region, serving as the primer to extend its cDNA as illustrated in [Figure 5C](#F5){ref-type="fig"}. This extension may happen in RT or in the ensuring PCR as discussed later. In other words, the bands in lanes 2 and 3 in [Figure 5B](#F5){ref-type="fig"} do not have the corresponding RNA as the original template and thus are wrong-template artifacts. The TSPAN31 band (the top one) in lane 1 of [Figure 5B](#F5){ref-type="fig"} might be such wrong-template artifact as well, which explains why NewD+TF647 failed to yield a PCR product (lane 5 in [Fig. 5B](#F5){ref-type="fig"}). In line with this conjecture, a PCR with the RT-A product as the template and the CF933+TR1668 as the primer pair did not produce any band (data not shown).

Discussion
==========

Features of our cloning methods
-------------------------------

Routine 5′ or 3′RACE usually can only clone short cDNA fragments, sometimes making it unclear whether the cloned cDNA end belongs to a chimeric RNA or to an mRNA of the parent gene ([Fig. 1A](#F1){ref-type="fig"}), in part because the first and last exons are often very large. Moreover, 5′RACE is difficult as its first several steps are manipulations of fragile RNA. Our cloning methods start with RT and soon proceed with the synthesis of the second cDNA strand, with all later steps involving only double-stranded cDNA that is much more stable. Since almost the entire second strand can be synthesized, either one of our cloning methods can clone virtually the entire cDNA. A difference is that our 5′ cloning method involves PCR amplification and, thus, is more efficient, whereas our 3′ cloning method is a non-amplified approach with low efficiency but high fidelity. In addition, our 3′ method does not require a poly-dT primer, allowing cloning those RNAs without a poly-A tail and eliminating mis-priming to an internal poly-A sequence. Actually, we once used 3′RACE to clone the 3′ end of TSPAN31 with a poly-dT primer that contains a linker (coined as NewA; [Table 1](#T1){ref-type="table"}), followed by PCR with the linker sequence as a primer (coined as NewC; [Table 1](#T1){ref-type="table"}). The 3′ end cloned lacks the last 17-nt sequence (GACCATTAAAAAAAAAA) because there is a 14-adenine sequence in front of it (data not shown). If needed, however, our method can still use poly-dT primers in RT, alone or in combination with PCR, to enhance the cloning efficiency.

In our practice of molecular cloning, poly-dT primer is often used to prime poly-A tail in RT, whereas a poly-dG oligo longer than a hexamer (GGGGGG) is technically difficult to be synthesized, purified and verified and, thus, is much more expensive. Therefore, tailing a cDNA with poly-dG followed by priming it with a poly-dC oligo becomes the only practical choice for our 5′ end cloning method. The length of the poly-dG tail may be different among tailed targets, but one of the four oligos in the NewB mixture ([Table 1](#T1){ref-type="table"}) should be anchored on the last nt of the targeted cDNA, regardless of the length of the poly-dG tail and whether the 3′ end of the first cDNA strand has been added with several nt by the MMLV during the RT.[@R4]^,^[@R18] However, it remains possible that the NewB mis-primes an internal poly-G sequence, which has actually happened in our practice.

Similar to routine 5′ and 3′ RACEs, our methods only use a single GSP and, thus, may still cause unspecific bands as shown in [Figure 2](#F2){ref-type="fig"}. Moreover, cDNA may have breakages and, similar to routine RACEs, our methods cannot distinguish a genuine cDNA end from a spurious one. In addition, transcription may be initiated from or terminated at alternative sites. Therefore, cloning multiple bands and sequencing multiple plasmid clones are strongly recommended, not only to avoid artifacts but also to increase the chance of identifying alternative 5′ or 3′ ends.

Merits of cDNA protection assay
-------------------------------

The strategy to protect a cDNA instead of the parental RNA has four major merits: (1) After being protected by the parental RNA, the cDNA can be PCR-amplified, which dramatically increases the sensitivity. If part of the cDNA is an RT artifact, it will not be protected because the single-stranded part of the cDNA or of the parental RNA will be digested by S1. Single-stranded DNA is about 5-fold more sensitive to S1 than RNA, as stated in the supplier's datasheet of S1 nuclease. (2) The protected cDNA can be directly cloned and sequenced to confirm its identity, whereas in RNA protection assay, the protected RNA still needs to be converted to cDNA if a long fragment needs to be sequenced at a high quality. (3) It is still technically difficult to determine from which DNA strand an RNA is transcribed. Use of strand-specific DNA oligos to supersede cDNA in our protection assay may be the best way for this purpose, as discussed later. (4) DNA/RNA hybrid has its unique structure and compositions that are distinguishable from DNA/DNA or RNA/RNA hybrid,[@R40] in part because DNA/DNA contains dA and dT, RNA/RNA contains rA and rU, while DNA/RNA contains all four. These differences should provide us with unique strategies to develop sensitive methods and instruments for the detection and quantification of those DNA/RNA hybrids that are at very low abundance. Such strategies should be applicable and, thus, intriguing, as endogenous DNA/RNA hybrids in eukaryotic cells are many fewer than the DNA/DNA and RNA/RNA hybrids, especially when a larger DNA/RNA fragment is designed for protection.

In most assays the probe is used at great excess compared with the target. We suggest that if our method is used mainly to verify the true existence of an RNA transcript, the RNA sample should be considered as the probe and, thus, used in great excess, relative to the cDNA. Conversely, if the aim is to quantify the RNA expression level, the cDNA should be regarded as the probe and used in great excess. A set of nested PCR, including those with one primer in the S1-digested region, should help in authenticating the RNA and, thus, is highly recommended, especially when T-A cloning and sequencing the resultant plasmids are omitted due to whatever considerations.

Unvanquished obstacles set by ERP in RT
---------------------------------------

Although retrovirus uses cellular tRNA to prime mRNA for reverse transcriptases to synthesize the 1st DNA strand,[@R31]^,^[@R32] endogenous small RNAs such as mRNA fragments can efficiently prime cDNA synthesis by reverse transcriptases.[@R12]^,^[@R20]^,^[@R22] RNA samples contain a huge number of short RNA fragments, such as degraded RNAs, excised introns and other processed mRNAs that are known to us recently,[@R1] which can serve as ERP for RT. This is likely the reason why RT can occur without addition of primers, a phenomenon coined by others as "background priming."[@R2]^,^[@R15] This also explains why DNase treatment of RNA samples cannot eliminate cDNA generation in the ensuing RT. Actually, during DNase treatment and inactivation, some RNAs are likely degraded to be ERP. Besides, short genomic and mitochondrial DNA fragments resulting from degradation or incomplete DNase digestion can also serve as ERP.

The presence of ERP should not affect the RT results from random hexamers, and may not affect the results from poly-dT primer either if polyadenylation is not a specific concern. However, the results from GSP may no longer be gene- and strand-specific, not only because GSP may mis-prime, which is familiar to us, but also because ERP can prime other RNAs, including the antisense of the interested RNA if it exists. The gene-specificity may be improved by adding a linker sequence, herein NewD, to the 5′ end of the GSP and using it as one primer in the ensuing PCR. The strand-specificity may also be improved in this way if the antisense RNA level is relatively low and the amount of Linker-GSP is carefully managed, as shown in lanes 5 *vs* 6 in [Figure 5B](#F5){ref-type="fig"} and as depicted in [Figure 6A](#F6){ref-type="fig"}. However, this strategy may not always work well. When we tested this strategy by determining the existence of LOC100996515 RNA with primers at the region overlapped by CCND1, CCND1 as its antisense was often detected because of its much higher abundance. A better way to ensure the strand-specificity may be to use strand-specific, probably labeled, DNA oligos to replace cDNA probes in hybridization with the RNA of interest. Such strand-specific DNA oligos can be in vitro synthesized like a primer or made by other ways,[@R10] including PCR with one biotinylated primer followed by capture with streptavidin-coated magnetic beads or PCR with one 5′phosphorylated primer[@R10] followed by digestion of the useless, 5′phosphorylated strand using lambda exonuclease.[@R10]^,^[@R34]

![**Figure 6.** Depiction of artifacts caused by ERP or by 5′ or 3′ overlapping. (**A**) Because the RNA sample contains ERP, RT with Linker-GSP will also generate the first cDNA strand of the antisense RNA, besides the cDNA of the desired sense RNA. When the RT product (usually only 1 µl) is added into the PCR mixture as the template, some Linker-GSP residual is transferred together, which primes the synthesis of a linker containing antisense fragment. The fragment is amplified in the later PCR cycles. However, because the PCR mixture contains many more copies of the GSP and the gene-specific reverse primer (GSRP) than the Linker-GSP residual, the first PCR cycle should generate many more copies of the desired sense cDNA, which titrates out the antisense in later PCR cycles, unless the antisense RNA is expressed at a much higher level than the sense. We use as small an amount of linker-GSP as possible in the RT to minimize its residual in the RT product. (**B**) Two cDNAs that overlap at their 5′ ends, no matter whether they are unrelated or are originated respectively from a sense and an antisense transcripts that overlap at their 3′ ends (like CDK4 and TSPAN31), can be converted to 3′-overlapped counterparts after one round of PCR by GSP or ERP, which, in turn, creates wrong-template extension in later PCR cycles as depicted in [Figure 5C](#F5){ref-type="fig"}. (**C**) If a cDNA has an unprotected 3′ end that is reverse-complementary to an unrelated cDNA (in red color), this matched part (e.g., ATCGA/TAGCT) and this other cDNA may serve in PCR as the primer and the template, respectively, to create a spurious chimera.](rna-10-957-g6){#F6}

Although GSP has been widely used in RT-PCR for decades, to our knowledge none of the published studies has addressed the possible spuriousness and provided a corrective measure as did we herein. Since routine GSP-primed RT is, likely, neither gene- nor strand-specific, whether those published data need to be reevaluated or reinterpreted becomes an uncomfortable but unavoidable question that peers need to bear in mind, in our humble opinion.

Unsolved, overlap-caused artifacts of cDNA end and chimeras
-----------------------------------------------------------

The NCBI has updated several times the sequences of CDK4 and TSPAN31 and keeps extending the overlapped region. One of the CDK4 sequences we obtained is longer than the latest NCBI version. We surmise that all old and new sequences may be correct, representing different variants with different lengths of the overlap. However, cloning the 3′ end of each of these mRNAs is technically difficult due to two major reasons: (1) ERP will result in cDNA of the antisense in RT ([Fig. 6A](#F6){ref-type="fig"}). (2) One of the mRNA molecules, either CDK4 or TSPAN31, may have an unprotected 3′ end at the overlapped region, due to reasons such as degradation (breakage), premature transcription, deadenylation, early termination of RT, etc., occurring either as a physiological event or as an artifact. This unprotected 3′ end will serve as a primer to extend its cDNA with an antisense RNA as the template in RT, creating a wrong-template artifact ([Fig. 5C](#F5){ref-type="fig"}). In this situation, the 3′ end cloned by any RT-PCR involved approach, including our method, could be an artifact. This artifact may also occur in PCR, if not already in RT, because one round of PCR, primed by either GSP or ERP, will convert two 5′-overlapped cDNAs to two 3′-overlapped ones ([Fig. 6B](#F6){ref-type="fig"}). This pitfall should be particularly alerted to the biomedical society because so often RT-PCR is used to clone RNA without preclusion of the existence of overlapped antisense RNA. So far we are still unable to get out from this trap and, thus, unable to clone the genuine 3′-end of the extended CDK4 mRNA shown in lane 6 of [Figure 5B](#F5){ref-type="fig"}, and to determine whether TSPAN31 also has mRNA variant(s) extended beyond the latest NCBI version.

Our results also alert us to anther pitfall that if routine or quantitative RT-PCR is used to determine the expression level of an RNA that is accompanied by an overlapped antisense transcript, PCR with primers at the overlapped region starts with two templates and, thus, will falsely double the expression level. Therefore, the locations of the primers matter, and primers at different regions of the RNA should be used. Since over 63% of RNA transcripts may be accompanied by antisense counterparts,[@R24] peers should be alerted to the pitfalls described above.

A huge number of putative chimeric RNAs encompass a short homologous sequence shared by the two partners.[@R27] The reason is unknown but it has led to discussions on how such chimeras are formed.[@R3]^,^[@R27]^,^[@R39] Our observation of wrong-template extension created by overlap at the 5′ or 3′ end enlightens us in that some, likely many, of this type of chimeras may simply be RT-PCR spuriousness: If, as described above, an RNA or a cDNA has an unprotected 3′ end that is reversely complementary to an unrelated (i.e., not its antisense) RNA or cDNA, a chimeric sequence may be generated in RT or PCR ([Fig. 6C](#F6){ref-type="fig"}). Since a pentamer can prime RT or PCR efficiently, the homologous part can be a 5-nt sequence, although whether a shorter oligo still has some priming ability is not so clear. Because the RNA repository in any human cell contains numerous such short homologous sequences, we tend to believe that many of those chimeras containing a short homologous sequence and obtained by approaches that involve RT, PCR or similar methods are such technical artifacts.

Summary
=======

We describe two new methods for cloning cDNA ends and a cDNA protection assay to supersede RNA protection assay. We also report that GSP-primed RT product is neither gene- nor strand-specific because the RNA sample contains ERP. The gene-specificity may be improved by adding a linker sequence to the GSP and then using the linker as a primer in the ensuing PCR, whereas the strand-specificity may be improved by using strand-specific DNA oligos as the probe in our protection assay. Using the CDK4/TSPAN31 relationship as a model, we find that when sense and antisense RNAs overlap at their 3′ ends, the overlapped sequence might serve as a primer with its antisense as the template to create a wrong-template extension in RT or PCR, resulting in a spurious 3′ end. This result edifies us that two unrelated RNAs or cDNAs that overlap at the 5′- or 3′-end may also create a chimeric sequence in this way. Therefore, many chimeric RNAs containing a short homologous sequence and obtained by approaches involving RT or PCR may be such artifacts and, thus, need to be vigorously verified with, such as, our protection assay. The ERP and the 5′- or 3′-overlapping antisense together set more complex pitfalls in our way of RNA cloning, which should be highly alerted to the peers. Our methods cannot fully circumvent these traps but should be good alternative or corrective measures to the available ones for cloning chimeric or antisense-accompanied RNA, both together constituting the majority of the cellular RNA repository.

Materials and Methods
=====================

RNA preparation, DNase I treatment and RT
-----------------------------------------

Total RNA was extracted from indicated cell lines using TRIzol (Invitrogen, Cat. 15596-026). In some experiments, RNA was treated with DNase I (1--3 units) to remove genomic DNA residuals, followed by inactivation of the DNase with 15 mM EDTA at 72°C for 15 min. An aliquot (4--5 µg) of total RNA was reverse-transcribed to the first strand of cDNA with indicated primers and M-MLV Reverse Transcriptase (Promega, Cat \#. M1705; [www.promega.com](http://www.promega.com)), following the manufacturer\'s instruction, but in a 20--25 µl volume.

Primer nomenclature
-------------------

We used "F" and "R" to indicate a forward and a reverse primer, respectively. Each primer's name ends with a number that indicates the first (for F) or the last (for R) nt of that primer in the position, i.e., the distance from the first nt, of the mRNA. Thus, the F-to-R range is the size of an RT-PCR amplified DNA fragment in agarose gel. All primers are listed in [Table 1](#T1){ref-type="table"}. More details of the primer design principle were described before.[@R41]

Purification of DNA and T-A cloning
-----------------------------------

PCR-amplified cDNA fragment was fractioned in 1% agarose gel and visualized by ethidium bromide staining. The desired band was then excised out and purified with UltraClean Gel DNA Extraction Kit (ISC BioExpress; [www.bioexpress.com](http://www.bioexpress.com)) following the manual, or with a simple method we described before.[@R42] The purified DNA was ligated into a pGEM-T Easy Vector (Promega; [www.promega.com](http://www.promega.com)).

RNA 3′ end cloning
------------------

RT was performed using RNA from Hela cells and primed by random hexamers, with other conditions as described above. The 3′ part of the second strand of CDK4 cDNA was synthesized using 1/3 to 1/2 of the RT products,100 nM CDK4 F665 primer and 1x PCR Mastermix, with one cycle of 95°C for 5 min, 60°C for 2 min and 72°C for 15 min in a thermocycler. Ten or 15 units of S1 nuclease (Cat \# 18001-016; [www.invitrogen.com](http://www.invitrogen.com)) was added, followed by incubation at room temperature for 60 min to digest the 3′ overhang of the first cDNA strand and all single stranded cDNAs or mRNAs. EDTA was added to a final concentration of 10--15 mM with incubation at 72°C for 15 min to inactivate S1. To remove EDTA, the reaction was transferred to an Eppendorf tube with additions of 0.35 ml H~2~O and 1.2 ml 95% ethanol, followed by precipitation at -20°C for 20 min and then centrifugation at 13,000 rpm at 4°C for 15 min. The ethanol was discarded and the cDNA pellet was suspended with 14 µl H~2~O. To ensure that the 3′ overhang of the first cDNA strand had been removed by S1 but the double-stranded fragment was protected, 2 µl of the recovered double-stranded cDNA was used as the template to run 40 cycles of PCR with the F136+R1086 or the F665+R1086 primer pair ([Fig. 1](#F1){ref-type="fig"}). The remaining (10 µl) double-stranded cDNA was then added with 10 µl PCR Mastermix, followed by incubation at 72°C for 10 min to append a dA at the cDNA blunt ends. A portion (herein 6 µl) of the dA-appended cDNA was cloned into a T-A vector. The resultant plasmid clones were first confirmed by PCR with the F665+R1086 primers and then sequenced with a vector primer.

RNA 5′ cloning with G-tailing
-----------------------------

RT was performed using RNA from Hela cells as above-described, but with HPRT1R683 as a gene specific reverse primer. After being run through RapidTip2 (cat \# RT050-096; [www.midsci.com](http://www.midsci.com)) to remove primers, enzymes, dNTP and debris, an aliquot (1/4) of the RT product was transferred into a 500-µl tube with additions of 30 units of TdT ([www.promega.com](http://www.promega.com); Cat\# M828C), two units of RNase H, 4 mM dGTP, and 2 mM MnCl~2~ in a final volume of 25 µl, followed by incubation at 37°C for 30--60 min to synthesize a poly-dG tail. The TdT was inactivated by heating to 72°C for 10 min. About half of the dG-tailed product was primed by a NewB mixture ([Table 1](#T1){ref-type="table"}), with 1x PCR Mastermix in a 20-µl volume, to synthesize the second cDNA strand by one cycle of 95°C for 5 min, 60°C for 2 min and 72°C for 15 min in a thermocycler. About 1/4 of the double-stranded HPRT1 cDNA was then used as the template to run PCR with the NewD+HPRT1R683 primer pair for 40 cycles of 95°C for 30 sec, 60°C for 30 sec and 72°C for 60 sec. The PCR product appeared as a fuzzy band in agarose gel and, thus, was excised out and purified as the template for a second round of PCR, followed by excision and purification of the dominant band for T-A cloning ([Fig. 2](#F2){ref-type="fig"}).

cDNA protection assay
---------------------

RT was performed using RNA from MCF7 cells in a 25-µl volume and primed with random hexamers. The RT product was incubated at 72°C for 15 min with about 10--15 mM EDTA to inactivate RNase H and DNA polymerase activities of the MMLV. To remove EDTA, the RT product was transferred to an Eppendorf tube with additions of 0.35 ml H~2~O and 1.2 ml 95% ethanol, followed by precipitation of the cDNA as described above. The cDNA was suspended in 20 µl of H~2~O. In a 500-µl tube, the hybridization was set up with 1/10--1/5 (2--4 µl) of the cDNA and an equivalent amount of the RNA sample in a 50-µl solution containing 25% formamide (v/v), 600 mM NaCl, 30 mM Tris-HC (pH 7.5), 0.1% SDS, 10 mM DTT and 4 mM EDTA, as described before.[@R28] Moreover, 1 µl (1/20) of the cDNA was also used in PCR to amplify the CCND1 cDNA with the F70+R1067 primer pair, and the PCR product was purified from agarose gel. About half of the purified CCND1 PCR product was added into the hybridization reaction as an indicator of whether the hybridization and the ensuing S1 digestion degrade double-stranded DNA. After topping with 35 µl mineral oil (purchased from a Walmart store; product \#831432DB1) to prevent evaporation, the hybridization reaction was performed at 68°C for 8 h or longer. After transfer to an Eppendorf tube, the reaction was diluted and precipitated with additions of 0.35 ml H2O and 1.2 ml 95% ethanol as described above. The hybrids were suspended in 18 µl H~2~O and divided to three aliquots for digestion with 0, 10 or 15 units of S1 in a final volume of 20 µl at room temperature for 60 min. As a negative control ([Fig. 2](#F2){ref-type="fig"}), a separate S1 digestion was set up with equal amounts of cDNA (the RT product) and S1. The S1 was then inactivated with 10--15 mM EDTA at 72°C for 15 min. The EDTA was removed by dilution and precipitation with additions of 0.35 ml H~2~O and 1.2 ml 95% ethanol at -20°C as described above. The cDNA/RNA hybrids were suspended in 16 µl H~2~O, 3 µl of which was used to run PCR with the BCAS4E1F+hBCAS3E25R primers and the CCND1F183+R1067 primers to ensure that the BCAS4-BCAS3 and the CCND1 cDNAs had been protected. The BCAS4-BCAS3 band was then purified from agarose gel and cloned into a T-A vector for sequencing verification.
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